Rats dosed with the vascular endothelial growth factor inhibitor Sugen 5416 (Su), subjected to hypoxia, and then restored to normoxia have become a widely used model of pulmonary arterial hypertension (PAH). However, the mechanism by which Su exacerbates pulmonary hypertension is unclear. We investigated Su activation of the aryl hydrocarbon receptor (AhR) in human pulmonary artery smooth muscle cells (hPASMCs) and blood outgrowth endothelial cells (BOECs) from female patients with PAH. We also examined the effect of AhR on aromatase and estrogen levels in the lung. Protein and mRNA analyses demonstrated that CYP1A1 was very highly induced in the lungs of Su/hypoxic (Su/Hx) rats. The AhR antagonist CH223191 (8 mg/kg/day) reversed the development of PAH in this model in vivo and normalized lung CYP1A1 expression. Increased lung aromatase and estrogen levels in Su/Hx rats were also normalized by CH223191, as was AhR nuclear translocator (ARNT ), which is shared by HIF-1a and AhR. Su reduced HIF-1a expression in hPASMCs. Su induced proliferation in BOECs and increased apoptosis in human pulmonary microvascular ECs and also induced translocation of AhR to the nucleus in hPASMCs. Under normoxic conditions, hPASMCs did not proliferate to Su. However, when grown in hypoxia (1%), Su induced hPASMC proliferation. In combination with hypoxia, Su is proliferative in hPASMCs and BOECs from patients with PAH, and Su/Hx-induced PAH in rats may be facilitated by AhR-induced CYP1A1, ARNT, and aromatase. Inhibition of AhR may be a novel approach to the treatment of pulmonary hypertension.
The Sugen 5416/hypoxic rat model is a commonly used model of pulmonary hypertension (PH). Sugen is a vascular endothelial growth factor inhibitor, but to date the mechanism by which it actually facilitates the development of PH is unclear. Here we demonstrate that, at least in part, the mechanism involves activation of the aryl hydrocarbon receptor (AhR) and subsequent increased expression of CYP1A1 in the lung and translocation of AhR from the cytoplasm to the nucleus in human pulmonary artery smooth muscle cells. This is accompanied by an increase in CYP1A1 and aromatase expression, and an increase in estrogen synthesis. We show that Sugen causes the proliferation of blood outgrowth endothelial cells from patients with pulmonary arterial hypertension, but only causes the proliferation of human pulmonary artery smooth muscle cells when grown in hypoxic conditions. Sugen can also cause apoptosis in human microvascular pulmonary endothelial cells. Inhibition of AhR can reverse Sugen/hypoxic experimental PH and may be a novel approach to the treatment of PH.
Pulmonary arterial hypertension (PAH) is a progressive disease leading to right heart failure. This condition is defined by vascular remodeling and complex vascular lesion formation arising from accelerated proliferation in pulmonary endothelial, smooth muscle and fibroblast cells (1) . Many vasoactive factors have been associated with the associated pathobiology including vascular endothelial growth factor (VEGF); however, VEGF can exert both angiogenic and antiangiogenic effects, and its role in PAH is still unclear (2) . Curiously, one administration of Sugen 5416 (Su), a VEGF receptor (VEGFR) inhibitor (with affinity at VEGFR2 . VEGFR1) to rats combined with hypoxic exposure can cause severe experimental pulmonary hypertension (PH) that develops after a subsequent period of normoxia. These Su/hypoxic (Su/Hx) rats develop high pulmonary pressures, and in some animals, occlusive/plexogenic-like pulmonary vascular lesions are also observed (3) . The mechanism by which the combination of Su and hypoxia causes severe PH is unclear, and clarification of this issue would have important translational value for understanding clinical PAH.
Su has been studied as a potential therapy for advance malignancies. Curiously, it has a long-lasting inhibitory effect in animal tumor models even though it has a very short half-life of z30 minutes, and it is believed that this long-lasting effect results from its accumulation in cells (4, 5) . Su is an agonist at the cytoplasmic aryl hydrocarbon receptor (AhR), which is cytoplasmic when it is unligated (6) . AhR is a member of the basic helix-loophelix/Per-ARNT-Sim family of heterodimeric transcriptional regulators, which are highly expressed in the lung (7) and influence the major stages of tumorigenesis as well as energy metabolism, lipid metabolism, and diet-induced obesity (8, 9) . We recently demonstrated that AhR expression is elevated in human pulmonary artery smooth muscle cells (hPASMCs) from patients with PAH, and that AhR expression may be increased in small occluded pulmonary arteries from the Su/Hx rat model (10) . PAH occurs up to fourfold more frequently in women (11) , and dysfunctional estrogen synthesis and metabolism may play an important role in the pathobiology of PH, both clinically and experimentally (10, (12) (13) (14) (15) (16) (17) (18) . AhR is a major regulator of the estrogenmetabolizing enzyme CYP1A1 and can also regulate aromatase, which is the major enzyme in estrogen synthesis (19) . Therefore, the effects of Su on AhR activation in the pulmonary circulation of patients with PAH is of interest.
To understand how hypoxia may synergize with the effects of Su on AhR, we investigated possible interactions among Su, AhR, and hypoxia-inducible factor 1a (HIF-1a) signaling. This is of interest because the AhR nuclear translocator (ARNT/HIF-1b) is a common binding partner for AhR as well as HIF-1a, and there is reciprocal cross-talk between hypoxia and AhR activation both in vivo and in vitro (20) . In addition, HIF-1a has been implicated in the development of PAH (21) . Under normoxic conditions, HIF-1a and HIF-2a are hydroxylated by prolyl hydroxylase (PHD) and complex with von Hippel-Lindau protein (VHL), causing subsequent proteasomal degradation. Under hypoxic conditions, PHD is inhibited and HIFa is stabilized and translocated to dimerize with HIF-1b in the nucleus. The heterodimer binds to the hypoxia response element, causing the expression of target genes. Factor-inhibiting HIF-1 (FIH-1) binds to HIF-1a and inhibits its transactivation function (22) .
In light of these observations, we tested the hypothesis that (at least in part) the effects of Su in experimental PH may be due to activation of AhR and subsequent alterations in estrogen synthesis and CYP1A1 expression. We assessed the interactions among Su, AhR, and the HIF-1a pathway, and translated our findings to clinically relevant cells from patients with PAH.
Methods
An expanded METHODS section is available in the data supplement.
Animal Studies
See the data supplement for ethical considerations and housing details.
The rat model of Su/Hx is described in detail in the data supplement. Briefly, adult female Wistar rats were given a single subcutaneous injection of Su 20 mg/kg or 0.9% saline and exposed to hypoxia for 14 days, and then maintained in normoxia for 6 weeks. CH223191 (8 mg/kg/day; Tocris) was delivered to the animals in the final 2 weeks of the 6 weeks of normoxic exposure.
Hemodynamics
Heart rate, right ventricular systolic pressure (RVSP), systemic arterial pressure, and cardiac output were measured and analyzed as previously described (10, 13) . See the data supplement for details.
RV Hypertrophy
RV hypertrophy (RVH) was assessed by weight measurements of the RV free wall and left ventricle plus septum (LV1S). The ratio was expressed as RV/(LV1S). See the data supplement for details.
Lung Histopathology
Pulmonary vascular remodeling was assessed as previously described (23, 24) . First, 5-mm sagittal sections were obtained from the left lungs. Sections were stained with elastin/Picrosirius red and microscopically assessed in a blinded fashion. Pulmonary arteries (25-100 mm external diameter) were counted. The arteries were considered muscularized if they possessed a distinct double-elastic lamina that was visible for at least half the diameter in the vessel cross-section. The percentage of vessels that contained doubleelastic lamina was calculated as the number of muscularized vessels/total number of vessels counted 3 100.
hPASMCs and Proliferation Studies
Briefly, distal hPASMCs and human blood outgrowth endothelial cells (BOECs) derived from female patients with PAH were prepared and characterized as previously described (25, 26) . See Table E1 in the data supplement for details regarding the patients. Proliferation studies were performed in charcoal-stripped media using manual cell counting and a Countess II FL Automated Cell Counter (Thermo Fisher Scientific) with 0.4% Trypan blue exclusion for assessment of viability. See the data supplement for further details.
hPASMCs and Proliferation Studies in Hypoxia hPASMCs were maintained in charcoalstripped media in hypoxic conditions for 48 hours in a hypoxia incubator chamber (1%; Bilrups Rothenburg). Proliferation studies were performed using manual cell counting. See the data supplement for further details.
AhR Translocation Studies
The REAP (Rapid, Efficient And Practical) method was applied to determine AhR protein translocation between the cytoplasm and nuclear fractions in hPASMCs and BOECs. See the data supplement for details.
Protein Analysis
Protein expression in whole lungs and hPASMCs was assessed by immunoblotting as described previously (13, 16) and in the data supplement.
qRT-PCR mRNA expression was assessed in the lungs of rats and mice by qRT-PCR as described previously (13, 16) and in the data supplement.
Estrogen Immunoassay
The levels of 17b-estradiol (E2) were determined by competitive immunoassay in lung samples and plasma from female rats from each group. See the data supplement for details.
Apoptosis
Apoptosis assays were performed under normoxic conditions between passages 5 and 8 in human pulmonary microvascular ECs (PMECs; Promocell) from donors without PAH. See the data supplement for details.
Results
AhR and CYP1A1 Expression in Su/Hx Male and Female Rat Lungs
As discussed in the Introduction, we previously showed that AhR expression is increased in hPASMCs from patients with PAH and may be increased in small occluded arteries from Su/Hx rats (10) . We therefore examined the protein and mRNA expression of AhR and CYP1A1 in the lungs from Su/Hx rats. Because there is sexual dimorphism in PAH, we compared male and female lungs to determine any sex differences in the expression of AhR or CYP1A1. Figure 1 demonstrates that total AhR was equally expressed in the lungs of control and Su/Hx male and female rats at both the protein and mRNA levels ( Figures 1A, 1B , and 1E). CYP1A1 expression was the most sensitive marker of AhR activation, and Figure 1C shows that in Su/Hx male and female rat lungs, CYP1A1 mRNA expression was increased some 400-to 600-fold (largely because CYP1A1 normally is not constitutively expressed [27] ). This also resulted in an increase in the protein expression of CYP1A1 ( Figures 1D and 1E ).
To determine whether AhR activation was specific to the Su/Hx model, we investigated CYP1A1 expression in lungs from models that were either not exposed to Su or did not require hypoxia to induce the PH phenotype. We chose to examine hypoxic mice and the normoxic Smad1 knockout mouse model (28) . In these models, lung CYP1A1 expression was actually reduced (Figures E1A and E1B), suggesting that Su is required for increased CYP1A1, and hypoxia alone does not increase CYP1A1. Su/Hx rats (Figures 2A-2D ). CH223191 had no effect on systemic arterial pressure, heart rate, or cardiac output ( Figure E2 ). LV weights did not change in the different treatment groups.
Effect of an AhR Antagonist on AhR, ARNT, and CYP1A1 Expression in the Su/Hx Rat We confirmed that total AhR protein expression was not altered in whole lungs from Su/Hx rats, and found that CH223191 had no effect on total AhR lung expression ( Figures 3A and 3D) . CH223191 reduced the increase in CYP1A1 expression observed in the Su/Hx rats ( Figures 3B and  3D ). ARNT expression was elevated in the Su/Hx rats and normalized by CH223191 ( Figures 3C and 3D) . We assessed the expression of AhR and CYP1A1 by immunohistochemistry to determine localization in the pulmonary arteries. CYP1A1 under normoxic conditions was expressed mainly in the endothelium and the adventitial layers. In the Su/Hx rats, CYP1A1 expression was increased in line with the increase in vascular smooth muscle ( Figure 3E ). AhR expression was located in the medial layer, and whereas total lung AhR expression did not increase in the Su/Hx rat, AhR staining was clearly evident in all of the remodeled vascular smooth muscle cells of small pulmonary arteries from the Su/Hx rats ( Figure 3F ).
Effect of Sugen on HIF-1a
We characterized the role of HIF-1a in hPASMCs. As a positive control, immunofluorescence demonstrated that 2-hour, but not 24-hour, stimulation with the PHD inhibitor CoCl 2 caused a significant increase in the stabilization of HIF-1a ( Figures E3A-E3D ). This was confirmed by immunoblotting in hPASMCs, where HIF-1a was observed in both the cytoplasmic and nuclear compartments of the cells after 2 hours of treatment with CoCl 2 ( Figure E3E ). Interestingly, Su treatment caused a significant reduction in both cytoplasmic and nuclear HIF-1a expression in hPASMCs as measured by immunofluorescence ( Figures E4A-E4C ). This reduction in HIF-1a by Su was confirmed by immunoblotting ( Figures  E4D and E4E) . Su had no effect on the protein expression of other regulatory components of the HIF-1a pathway, such as PHD2, VHL, and FIH-1 ( Figures  E4F-E4I ).
Effect of an AhR Antagonist on Aromatase Expression and Estrogen in the Su/Hx Rat Lung
Using the same protocols employed in this study, we previously showed that aromatase protein expression can be increased in lungs from Su/Hx rats (10) . Here, we show that this was reversed after treatment with CH223191 ( Figures 4A and 4B ). We measured E2 levels in these lungs and found that they were elevated in the Su/Hx rat lungs and normalized by CH223191 ( Figure 4C ). 
Effect of Su on the AhR/CYP1A1 Axis in hPASMCs
To examine the possibility that Su may activate AhR in hPASMCs, we examined the effects of Su on AhR and CYP1A1 expression in hPASMCs. Neither 1 nor 5 mM of Su affected the total protein expression of AhR ( Figures 5A and 5B) . However, indicative of activation of AhR, Su increased expression of CYP1A1
( Figures 5C and 5D ). During activation, AhR is translocated into the nucleus; therefore, the total expression of AhR may not change. We therefore investigated whether Su (1 mM) could activate AhR and increase its translocation into the nucleus, and demonstrated that by 90 minutes there was an increase in translocation of AhR from the cytoplasmic to the nuclear fraction ( Figure 5E ).
Effect of Su on hPASMC Proliferation in Normoxia and Hypoxia
We investigated the combined effects of hypoxia and Su in hPASMCs. Su on its own did not cause significant proliferation of hPASMCs ( Figure 6A ). When grown in a hypoxic environment, however, Su caused significant hPASMC proliferation ( Figure 6B ). We demonstrated that serum starvation caused apoptosis/reduction in Figure 6C ).
Effect of Su on BOECs
We wished to investigate the effect of Su in BOECs derived from female patients with PAH. Su (1 mM) increased the proliferation of BOECs ( Figure 7A ), and this was attenuated in the presence of the AhR antagonist CH223191 ( Figure 7A ). We demonstrated, however, that both Su and CH223191 reduced BOEC viability as assessed by Trypan blue exclusion ( Figure 7B ). To examine the possibility that Su may activate AhR in BOECs, we examined the effects of Su (1 mM) on AhR cytosolic-to-nuclear translocation in BOECs. We observed that after 60 minutes of stimulation with Su, there was a decrease in cytoplasmic AhR, whereas nuclear AhR expression was unchanged ( Figure 7C ).
Discussion
Here, we demonstrate that the long-term effects of Su in experimental PH may be due in part to its agonist effects on AhR and subsequent alterations in estrogen synthesis and CYP1A1 expression. Many compounds affect AhR activity, including xenobiotics, drugs, flavonoids, indoles, and tryptophan metabolites (7) . Importantly, the lungs are exposed to many AhR activators in airborne particulate matter. Indeed, exposure to diesel exhaust can increase pulmonary vascular tone at high cardiac output (29) . Functionally, AhR has been shown to play a critical role in vascular development, angiogenesis, and cancer (30, 31) . Unligated AhR is cytoplasmic, forming a complex with heat shock protein 90 (HSP90) and the cochaperones p23 and protein X-associated protein 2 (XAP2). Upon ligand binding, the phosphorylation of two protein kinase C sites leads to nuclear translocation of AhR. The AhRchaperone complex dissociates and forms a heterodimer with ARNT (HIF-1b) in the nucleus. ARNT binds both AhR and HIF1a, and is shared between the two signaling pathways (20) . This heterodimer binds to dioxin-responsive element (DRE), leading to the transcription of several genes, including CYP1A1 (7). Metabolism of E2 is mediated by several cytochrome P450 (CYP) enzymes, including CYP1A1 and CYP1B1. CYP1B1 expression in pulmonary arteries is elevated in experimental and clinical PAH, and may influence the development of PAH (16) . A SNP of CYP1B1 (and increased 16a-hydroxyestrone [16a-OHE1] in urine) has been associated with RV function in female patients with PAH and could underpin the sexual dimorphism observed in RV failure (17) . Indeed, other investigators and we have recently demonstrated that dysfunctional E2 synthesis and metabolism may be involved in the increased prevalence of PAH among women (12, 13, 16, 17, 28, 32, 33) .
Su is an inhibitor of both VEGFR2 and VEGFR1, but it has the highest affinity at VEGFR2. It can induce lung cell apoptosis , and 90 minutes (n = 3 for all groups, *P , 0.05 as indicated, determined by area under the curve). AhR protein expression was normalized to a-tubulin and nucleoporin as markers for cytosolic and nuclear enrichment, respectively. Data are displayed as mean 6 SEM. *P , 0.05 in C as indicated, determined by one-way ANOVA followed by Bonferroni's post hoc test. hPASMCs = human pulmonary artery smooth muscle cells; PAH = pulmonary arterial hypertension.
and emphysema (34) . When combined with chronic hypoxia in rats, Su causes PH and right heart failure, and in some animals it can induce obliterative vascular lesions (3). However, the mechanism by which the combined Su/Hx insult causes experimental PH is still unclear. It has been suggested that endogenous VEGFR inhibitors such as VEGF 165b, sVEGFR1 (s-Flt1), Decorin, TNFSF15, and CXCL4 may influence the development of PAH (35) . As Su is a ligand for AhR (6), we investigated the hypothesis that activation of AhR may underpin Su/Hx experimental PH. As CYP1A1 gene expression is the most sensitive marker for AhR activation, we first examined the expression of AhR and CYP1A1 protein and mRNA in lungs removed from rats with PH induced by Su combined with hypoxia (3). The degree of experimental PH induced in this model as reported in the literature is extremely variable: it can depend on the strain of rat, the sex of the rat, the protocol used, and the source of the Sugen (36) . Not all studies have reported obliterative vascular lesions in this model, and in this study we saw too few of these lesions to analyze. However, our degree of experimental PH in terms of RVSP, RVH, and remodeling was commensurate with other studies using female rats (37) . AhR was expressed at low levels in whole lungs of normoxic and Su/Hx male and female rats. It was expected that total AhR expression would not change, because AhR activation normally follows translocation from the cytoplasm to the nucleus rather than an increase in expression. Activation of AhR was confirmed by the marked increase in CYP1A1 mRNA in lungs from Su/Hx rats, with a 600-fold increase in CYP1A1 being observed, given that CYP1A1 normally is not constitutively active and depends on AhR for its activation (7) . There were also increased levels of CYP1A1 protein in the lungs from Su/Hx rats. To determine whether Su mediated the change in CYP1A1, we examined CYP1A1 mRNA expression in hypoxic rat lungs and demonstrated that CYP1A1 expression was decreased when rats were exposed to hypoxia alone. This is consistent with the observation that hypoxia can inhibit AhR signaling and CYP1A1 expression in certain cell lines (38, 39) . This suggests that the increase in CYP1A1 in the Su/Hx rats was mediated by Su. To investigate this further and assess whether AhR is a potential new target for the treatment of PAH, we examined the effects of the AhR antagonist CH223191 (40) in Su/Hx rats. We chose to study female Su/Hx rats because we previously showed that AhR was increased in the lungs of female Wistar Kyoto, Su/Hx rats (10), and we have also demonstrated the importance of endogenous E2 for the development of PH in female Su/Hx rats (13) . We adopted CH223191 as a selective and potent AhR inhibitor with no reported off-target effects that would influence our results (40, 41) .
The results demonstrated that RVSP, RVH, and pulmonary vascular remodeling were all markedly increased in the Su/Hx rats. CH223191 had no effect on systemic pressure, heart rate, or cardiac output. The experimental PH was accompanied by increased expression of CYP1A1 and ARNT, which was normalized by the AhR antagonist. These results suggest that Su/Hx-induced PH is associated with AhR activation of CYP1A1, as well as increased expression of ARNT/HIF1b, providing a mechanism of cross-talk between AhR and hypoxia. Su decreased HIF1a expression in hPASMCs while having no effect on the nuclear translocation of HIF-1a or affecting other aspects of HIF-1a signaling. Although Lei and colleagues observed increased HIF-1a in lungs from patients with PAH (21), others have reported a decreased expression of HIF-1a in hPASMCs from such patients and suggested that this may underlie the increased pulmonary vascular contraction observed in PH (42) .
Using immunohistochemistry, we determined that CYP1A1 was mainly expressed in the endothelium in normoxic rat pulmonary arteries. This is consistent with the notion that the endothelium serves as the first line of defense, via AhR, between the arteries and circulating vasoactive/harmful substances. However, CYP1A1 expression was also observed in the medial layer of small pulmonary arteries from the Su/Hx rats, suggesting an effect of Su on CYP1A1 expression in PASMCs from these rats. Figure 7 . Sugen stimulates the proliferation of blood outgrowth endothelial cells (BOECs) from female patients with PAH. Stimulation with Sugen increased proliferation in BOECs (A); however, both the AhR antagonist CH223191 (1 mM) and Sugen 5416 (1 mM) reduced cell viability in BOECs by Trypan blue exclusion (B), n = 3, repeated three times. Data are displayed as mean 6 SEM. *P , 0.05, **P , 0.01 as indicated, determined by one-way ANOVA followed by Bonferroni's post hoc test. (C) Sugen caused nuclear translocation of AhR after 60 minutes. AhR protein expression was normalized to a-tubulin and nucleoporin as markers for cytosolic and nuclear enrichment, respectively. The data are displayed as mean 6 SEM. *P , 0.05 as indicated, determined by area under the curve. (D) Our data suggest that Su may activate AhR nuclear translocation and subsequent activation of CYP1A1, apoptosis, and aromatase expression. The resulting increase in E2 synthesis and metabolism may contribute to experimental PH. We also demonstrate directly that Su and hypoxia synergize, perhaps via ARNT, to cause hPASMC proliferation, suggesting that inhibition of AhR is a potential approach to the treatment of PAH.
Aromatase (CYP19A1) is a member of the cytochrome P450 superfamily and synthesizes E2 through the aromatization of androgens, specifically testosterone and androstenedione. In a recent study, we demonstrated that PASMCs express aromatase, and that aromatase expression is increased in pulmonary arteries from patients with PAH (13) . We have also shown that inhibition of aromatase with anastrozole had a therapeutic effect in animal models of PH (including the Su/Hx rat). In addition, anastrozole has been shown to be clinically effective in PAH (12) . It was previously shown that AhR can induce the CYP19 (aromatase) gene (19) . We confirmed that aromatase protein expression was increased in the lungs from Su/Hx rats and that this was normalized by the AhR antagonist. Consistent with this, we also observed an increase in E2 in the lungs from Su/Hx rats, which was also normalized by the AhR antagonist. Interestingly, the increase in lung E2 appears to be variable among species and studies; for example, in a previous study in which we induced PH in Wistar Kyoto rats, there was no increase in lung E2 despite increased aromatase expression (10) . It is possible that given different experimental animals at different times of the year, there is a variability in the metabolism of E2 in the lung that introduces variability into the absolute E2 levels. We need to consider this as a potential limitation when interpreting these studies in animal models.
These studies support the hypothesis that Su can regulate AhR and CYP1A1 in the lung, and this contributes to experimental PH. To examine whether this translates to humans, we examined the effects of Su in hPASMCs, human pulmonary ECs, and BOECs derived from female patients with PAH. Su had no effect on total AhR expression in hPASMCs. However, this might not be expected, as AhR is activated by translocation from the cytoplasm to the nucleus. We therefore examined the effects of Su on AhR protein levels in the cytoplasm and the nucleus, and found that Su caused an increase in nuclear AhR expression in hPASMCs. However, in BOECs, the cytoplasmic AhR expression decreased and the nuclear expression remained constant. The regulation of subcellular AhR localization is complex and dynamic, involving mechanisms for the retention and stabilization of AhR in the cytosol via XAP2 and continuous nuclear export. Also, binding of ligand can increase the rate of nuclear AhR import without stopping nuclear AhR export (43) . Consistent with this activation of AhR, Su increased CYP1A1 protein expression in the hPASMCs. E2 can be converted to 2-hydroxyestradiol (2-OHE2) by CYP1A1/2, CYP1B1, and CYP3A4. CYP1A1 also metabolizes estrone (E1) and E2 to 2-OHE2 and 16a-OHE1. These metabolites are mitogenic in hPASMCs and may contribute to the development of PAH (16, 44) . Unfortunately, at this time we are still developing accurate methods for measuring low concentrations of E2 metabolites from cells, so we were unable to measure these directly. The effects of AhR on E2 synthesis and metabolism are of interest because major PAH registries report a greater incidence of PAH among women than among men (45) , and E2 metabolism is implicated in the increased penetrance of heritable PAH among female patients harboring a mutation in the gene encoding bone morphogenetic protein receptor II (BMPRII) (18) .
Su requires a "second hit" of hypoxia followed by a period of normoxia to induce experimental PH, although this can be strain dependent (37) . We assessed whether hypoxia could influence the effect of Su in hPASMCs by determining proliferation while culturing cells in either normoxia or hypoxia. We found that Su did not induce proliferation in normoxic cells, but did in hypoxic cells. This demonstrates a synergy between Su and hypoxia in hPASMCs. Given that ARNT protein levels are normalized by the AhR antagonist, it is possible that hypoxia synergizes with AhR activation via ARNT.
It is believed that EC apoptosis may initiate vascular remodeling in experimental PAH. This could cause degeneration of precapillary arterioles or select apoptosisresistant ECs that contribute to "angioproliferative" plexiform lesions (46) . As Su can induce apoptosis, we studied this in human pulmonary ECs, and found that both Su and an AhR agonist could induce apoptosis in these cells. Apoptosis may also be involved in the pulmonary vascular remodelling by AhR. ECs are more subject to contact inhibition in intact arteries than hPASMCs and normally do not proliferate. However, it has been shown that BOECs from patients with PAH can exhibit increased proliferation (47) . Indeed, it has suggested that dysregulated endothelial proliferation plays a key role in the development of clinical PAH (48) . We demonstrate that Su can induce the proliferation of BOECs from patients with PAH, and such proliferation could precede and contribute to the ability of Su to increase the development of occlusive lesions in some animals. The slight decrease in cell viability caused by Su is likely a consequence of contact inhibition occurring in these cultures.
In summary, our data provide new insights into potential mechanisms behind the Su/Hx model. The results suggest that Su may activate AhR nuclear translocation and subsequent activation of CYP1A1, apoptosis, and aromatase expression. The resulting increase in E2 synthesis and metabolism, as well as apoptosis, may contribute to experimental PH. We also demonstrate directly that Su and hypoxia synergize, perhaps via ARNT, to cause hPASMC proliferation. Our study also suggests that inhibition of AhR may be a novel approach to the treatment of PAH should these results translate to the human situation. This is summarized in Figure 7 . n Author disclosures are available with the text of this article at www.atsjournals.org
